Abstract -The principles governing thermal shock resistance are introduced briefly, followed by the presentation of an experimental study conducted to assess the influence of temper and firing temperature on the thermal shock resistance of clay-based ceramics. Focusing on the assessment of a material's capability to resist thermal stresses, difficulties which arise when interpreting experimental results are discussed. We report that thermal shocking may induce a change in fracture mode in the ceramics, a finding which has important implications for the interpretation of experimental results and the assessment of the performance of ceramic vessels when exposed to sudden thermal stresses. Generally, it appears that for coarse cooking ware pottery, thermal shock resistance might not play such an important role as frequently has been assumed. Limited thermal shocking might even be beneficial for a ceramic's subsequent exposure to thermal stresses, as it can result in a change in fracture mode and may increase the toughness of the material.
Introduction
Cooking vessels are exposed to thermal stresses during daily use. Potters' choices, in particular the selection of temper materials, have been connected to the capability of a cooking pot to resist such stresses. While it has been stated that "entirely adequate cooking pots can be made using a wide range of alternative tempers" (Tite and Kilikoglou 2002) , and calls for a more restrained use of the concept when interpreting technological choices in cooking ware have been made by pointing out the production of apparently 'unsuitable' vessels over a long period of time (Woods 1986) , thermal shock resistance is drawn upon regularly to explain tempering choices in cooking ware pottery (e.g., Hoard et al. 1995; Killebrew 1999; Broekmans et al. 2004) . Only rarely, however, are such explanations based on experimental studies, and the complexity of the concept of thermal shock resistance is frequently overlooked. Since these shortcomings also have implications for the archaeological interpretation of the findings, the present article aims to outline some of the principles governing the thermal shock resistance of claybased ceramics and touches upon difficulties which arise when interpreting experimental results.
While the present paper focuses on the response of a ceramic when exposed to thermal stresses, it should be kept in mind that the actual conditions of the thermal shock are also of importance when considering thermal stresses. Thermal stresses that develop during gradual heating (quasi-steady-state conditions) may be studied by analytical techniques or by computational methods. The situation that occurs during thermal shocking, however, is different, as in this case stresses may develop faster than the material is able to dissipate them via mechanisms such as crack propagation, bifurcation, etc.
In order to assess systematically the influence of tempering and firing temperature on the performance of clay ceramics when exposed to sudden thermal stresses, thermal shock resistance was determined on ceramic test bars, bearing a variety of tempering and fired under a range of temperatures. In the following, some of the results of the experimental study are presented briefly, before discussing their implications for theoretical considerations.
Thermal shock resistance
Thermal shock resistance is a measure of the ability of a material to withstand rapid changes in temperature (Kingery et al. 1976, 822) . It is important to note that thermal shock resistance, unlike elastic modulus or thermal conductivity for example, is not a material property but a complex parameter, which is dependent not only on different physical properties such as thermal expansion coefficient, mechanical strength or toughness, butcrucially -also on the conditions of thermal shock (Hasselman 1969) . Due to the complexity of responses of a material that is exposed to thermal shock, and due to the difficulties in assessing heat transfer parameters for specific Cite this article as: Müller NS, Kilikoglou V, Day PM, Vekinis G (2014) . Thermal shock resistance of tempered archaeological ceramics. In M Martinón-Torres (Ed.), Craft and science: International perspectives on archaeological ceramics. Doha, Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch28 applications, thermal shock resistance of various ceramic materials is usually measured empirically, by assessing their performance under simulated service conditions (BSI 2004) . The thermal shock resistance is assessed by measuring the mechanical strength of a ceramic material after exposure to a series of sudden changes in temperature (e.g., BSI 1998; 2006; ASTM 2003) .
In this context, it must be emphasised that no general rating of materials in terms of their thermal shock resistance is possible. Any material's resistance to thermal shock depends critically on the magnitude and conditions of thermal shock (Davidge 1986 ). Relative order may differ according to the nature of the thermal shock (heat transfer conditions), and, while one material might be more resistant to thermal stresses which arise due to exposure to a certain temperature difference, say 5008C, than another material, when the same materials are exposed to a larger temperature difference, say 10008C, exactly the opposite might be the case. The reasons for this are complex and are related to microstructural differences, but also to the onset of various fracture energy dissipation mechanisms. For archaeological ceramics, this means that results which have been obtained with an experimental setup designed to assess the performance of cooking ware ceramics cannot directly be employed to evaluate, for example, metallurgical ceramics, which operate under different conditions and are exposed to much larger temperature differences than cooking ware.
As mentioned above, thermal shock resistance is usually assessed by measuring strength reduction after exposure to sudden changes in temperature. The transverse rupture strength is assessed, which can be determined from threepoint bending tests (a schematic drawing of a typical set-up is included in Fig. 1 ). This flexural strength is defined by the maximum stress that can be applied to a specimen without cracks starting to grow. In the case of truly brittle materials which show unstable fracture, the application of an external load leads to catastrophic failure once a crack initiates, without the need to apply further stress. Curve a of Figure 1 is a typical load-displacement curve for such a material, where complete failure occurs at maximum load, with the load dropping immediately to zero. Brittle materials show little or no plastic deformation before failure, and fracture absorbs relatively little energy, even in materials of high strength. On the other hand, materials which are able to dissipate energy during crack propagation by mechanisms such as crack deflection require the application of additional force after the initiation of a crack, so as to drive the crack through the material and break the specimen completely. Such materials are said to exhibit stable fracture, as, upon failure, the crack is immediately arrested and the load decreases gradually until complete separation (Fig. 1, curve c) . In these cases, a considerable amount of energy is dissipated during crack propagation and until final fracture as a result of crack deflection, bifurcation, and arrest, as well as temper fracture or pull out, and the material usually possesses high fracture energies and is therefore said to be tough. (Unlike strength measurements which are performed on unnotched specimens, the quantitative determination of fracture energies requires bending tests on bars with a notch cut, which provides the largest flaw at which the crack is initiated.) The tail of the load-displacement curves of such materials (shaded area under curve c) provides a measure of the energy dissipated during crack propagation. In between the two, for some materials semi-stable fracture (Fig. 1, curve b) is observed. For further information on fracture modes of clay-based ceramics, the reader is referred to Kilikoglou et al. (1998) and Tite et al. (2001) .
In the context of clay-based ceramics, unstable fracture is typically associated with high fired porcelain, semi-stable fracture with standard earthenware, and stable fracture with low fired, coarse tempered earthenware. The former are referred to as 'brittle' ceramics, while the latter are frequently said to be 'tough'. However, this designation can be misleading, as it opposes 'brittle' and 'tough'. While the term 'brittle' designates a fracture mode, toughness is used equivalent with the 'fracture energy' of a material. Fracture energy consists of an intrinsic part (G Ic ), corresponding to the stored elastic energy at the moment of fracture, and -in the case of stable and semi-stable fracture -of an additional part accounting for energy dissipated during crack propagation (G t ). Strictly speaking, therefore, 'brittle' and 'tough' are not opposites: brittle materials can also be said to be tough if the stored elastic energy at the moment of fracture is high. It should be noted here that, in engineering applications, frequently the so-called fracture toughness K Ic , also referred to as stress intensity factor, is listed for brittle materials. This property is linked to the stored elastic energy at the moment of fracture (G Ic ) by K IC ¼ ffiffiffi E p G IC with E ¼ modulus of rupture. Although related, this is not the same as the 'toughness' which is used as equivalent to 'fracture energies', and which includes both an intrinsic and a dissipation part. Throughout the present text, the term 'toughness' is used as equivalent to 'fracture energy', i.e., refers to the sum of G Ic and G t .
Strength and toughness are interrelated, as they both depend on a material's microstructure. A material may be strong and tough if it ruptures under high applied loads and simultaneously exhibits high strains. Normally, however, in the case of clay-based ceramics, brittle materials which may be strong usually only show limited deformation, so that they are not tough, while materials which rupture after applying relatively small forces may be able to dissipate a substantial amount of energy during crack propagation until final fracture, so that they can be said to be tough but not strong. For traditional ceramics, strategies which result in an increase in strength in most cases reduce the toughness of a material and vice versa (Müller et al. 2009 ).
Generally speaking, strength indicates how much force can be applied to a material until a crack initiates (with crack initiation in the case of brittle ceramic being equivalent to final fracture), while toughness indicates how much energy a material can absorb before fracture, and encompasses both the energy required for crack initiation and for crack propagation.
It is of importance that there are significant differences in the thermal shock behaviour of brittle materials exhibiting unstable fracture and those materials that exhibit stable fracture, since clay-based ceramics can show both fracture modes, as will be detailed below. As illustrated in Figure 2 , unstable brittle ceramics experience an abrupt loss of strength at a critical temperature difference DT c , due to the initiation of cracks to a length close to the critical length (Hasselman 1969) . On the other hand, the loss of strength is more gradual in ceramics exhibiting controlled crack propagation, as is shown in the lower curve in Figure 2 (cf. Davidge 1986, Fig. 8.8, 130) . In strong but brittle materials, due to the large amount of energy stored at the point of stress concentration (where fracture initiates, corresponding to the 'peak' in the load-displacement curves, cf. Figure 1 ), cracks experience a sudden large expansion when initiation occurs, while in a weaker material which can dissipate energy during crack propagation, cracks propagate in a more controlled way. Consequently, the strategy for optimising thermal shock resistance in a ceramic which fractures in a stable way is fundamentally different from the one for a material which fractures unstably, in that it usually involves avoiding crack propagation rather than crack initiation. Clay-based ceramics, depending on a variety of factors, can exhibit different fracture modes. The same clay type may break unstably when it is highly fired, but dissipate fracture energy, resulting in stable crack propagation, when lower fired (see also section 4.3). Also, the amount of aplastic inclusions can influence fracture modes: for quartztempered ceramics fired to intermediate temperatures, a change to stable fracture has been observed at around 20 volume percent of temper material (Kilikoglou et al. 1995) .
2.1. Influence of the thermal expansion factor mismatch between clay matrix and temper material on the thermal shock resistance
Thermal stresses arise in a material due to changes in temperature. In unrestricted multiphase materials, such as clay-based ceramics, there are two main causes of thermal stress: firstly, the non-uniform expansion of an object, which is caused by temperature gradients, and, secondly, thermal stresses caused by different thermal expansion coefficients between different constituents, such as the matrix and any inclusions (Kingery et al. 1976 ). The latter is cited frequently in archaeological literature to explain the choice of certain temper materials in the production of cooking vessels. It is important to recognise, however, that upon firing in a clay paste which contains temper particles of a different thermal expansion coefficient, microdamaged zones are produced around these temper particles (Davidge 1986, 86-7) . For quartz-tempered ceramics, it has been shown that at volume fractions of temper higher than 10%, the individual damaged zones interact with each other and produce extensive microcrack networks that cover the entire specimen (Fig. 3) . During fracture, it is this microcrack network which encourages crack deflection and bifurcation, thus increasing energy dissipation and contributing to the material's toughness (Kilikoglou et al. 1995) .
Therefore, if a vessel survives firing, as it frequently does, then these damaged zones enhance the toughness of a material. Consequently, thermal shocking of such a fired ceramic material could be expected to be less disastrous than thermal shocking of a material where the thermal expansion coefficients of clay and temper material are very similar, and in which the generation of damaged zones and the related increase in toughness is not observed. Therefore, when we compare a ceramic that contains temper of significantly different thermal expansion coefficient than the matrix (such as quartz) with one whose temper has a very similar thermal expansion coefficient to the clay (such as grog), we would expect that the quartz-tempered ceramic will be better able to accommodate thermal stress than the one containing grog temper. This conclusion contradicts many of the beliefs expressed in archaeological literature to date, especially concerning the frequently cited 'advantage' of calcite temper over others in cooking ware production, which is argued based on the similarity of the thermal expansion coefficients of clay and temper material (e.g., Rye 1976; Hoard et al. 1995; Killebrew 1999; Broekmans et al. 2004) . It should be noted here that while the influence of calcite tempering on the thermal shock resistance of a finished vessel can be debated, its presence can affect the performance of a clay paste in other ways and during different steps in the manufacture sequence. Thus, it is sometimes argued that the addition of calcite is beneficial for the workability of the wet clay paste, since calcium ions released in the clay increase plasticity of the clay water system (Lawrence and West 1982) . On the other hand, the presence of calcite temper in a clay paste may potentially cause problems when pottery is fired to intermediate temperatures. When fired above 600 -8708C in oxidising atmosphere (temperatures given in the literature for the onset of the process vary substantially, see Hoard et al. Thermal shock resistance of tempered archaeological ceramics cooling down and subsequent exposure to moisture, the lime reacts to form calcium hydroxide, a process which is accompanied by a volume expansion, causing cracking and spalling that in extreme cases may destroy a vessel.
As a side note, while fully agreeing with Woods (1986) that thermal shock resistance has been overworked and thermal shock might not be as important for cooking ware pottery as frequently assumed, it seems nevertheless interesting that the above sheds new light on the material she discusses. When questioning the emphasis put on thermal shock resistance of cooking ware, Woods (1986) states (among other issues) that quartz sand was probably more commonly used than calcite temper over a long period of time in the manufacture of cooking ware in Britain. Based on the available literature, she considers this finding as counterintuitive in terms of the thermal performance of the cooking ware. However, keeping in mind the above discussed benefit of adding temper with a different thermal expansion coefficient on thermal shock resistance, her quartz-tempered cooking pots might equally well be argued to perform better than their calcite-tempered counterparts, at least in terms of their thermal shock resistance.
Experimental
Thermal shock resistance was determined on test briquettes, since, when assessing technological changes in terms of physical properties which are linked to material performance, it is important to carry out measurements under controlled conditions in order to investigate the influence of selected parameters. Additionally, use and subsequent burial of ceramic objects results in microstructural changes which might influence the physical properties measured. Finally, the assessment of material properties normally requires a substantial amount of material for destructive tests, usually not available from archaeological remains. In order to determine the thermal shock resistance of a particular material by measuring its reduction in strength upon exposure to thermal shock, tests on several bars made from that material, both unshocked and thermally shocked, are required.
Materials and processing
Experimental briquettes were manufactured in order to study the influence of various parameters, such as temper type or firing temperature, on the thermal shock resistance of the ceramic material. Granite and phyllite were chosen as temper materials and added to a non-calcareous base clay from Kalami, Greece. This clay has been used in a previous study of thermal properties, and its chemical and mineralogical composition is described elsewhere (Hein et al. 2008) . A fraction with a particle size of , 30 mm was separated from the raw clay and mixed with granite from Figure 2 . Different behaviour of ceramics with different fracture modes upon thermal shocking. While brittle ceramics experience an abrupt strength loss at a critical temperature difference DT c due to initiation of fracture, the loss in fracture strength in ceramics which break in a more stable manner is gradual, due to more controlled crack propagation. the island of Naxos (Greece) and phyllite from the Northeast Peloponnese (Greece), respectively. Both temper materials were crushed and screened to obtain temper in the desired size range, i.e., between 1 mm and 0.5 mm. Ceramic briquettes with 10 vol% and 40 vol% temper material were prepared in addition to untempered reference briquettes, using a Perspex mould (c. 12 £ 7 £ 1 cm). For the preparation of the phyllite tempered briquettes, the paste mixture was repeatedly folded and flattened, in order to obtain a preferred orientation of the platy phyllite particles parallel to the largest surface of the briquettes, imitating common archaeological fabrics. The briquettes were dried for over ten days at ambient temperature and humidity, covered by plates made of plaster of Paris to ensure homogenous drying. Briquettes of each composition (i.e., non-tempered, 10% phyllite, 40% phyllite, 10% granite, and 40% granite) were fired to 550, 850 and 10508C, resulting in a total of 15 different briquette types (( Table 1) ). Firing took place at a heating rate of 2008C/h and a soaking time of 1 h in oxidising atmosphere. The large surfaces of the fired briquettes were ground parallel and cut into test bars of an approximate size of 1 £ 1 £ 7 cm for material testing.
Thermal shock resistance tests
In the present study, the experimental test bars were placed for 20 minutes in a furnace held at 4308C and then quenched in water (27 -308C), where they were left to cool down for 5 minutes. Before placing them in the furnace again, they were dried for at least 20 minutes at 1158C. Strength reduction was determined by comparing the fracture strength in bending (often referred to as the 'transverse rupture strength' [TRS] or 'modulus of rupture'
[MOR]) of test bars exposed to five such cycles with the strength of unshocked specimens. The transverse rupture strength was determined from three-point bending tests on bars with the dimensions 1 £ 1 £ 7 cm on an INSTRON 1195 universal testing machine, at a constant loading rate of 109 mm/min. This sample size ensures minimal sheer stresses, while still including a statistically adequate number of temper grains in the fracture surface (Kilikoglou et al. 1998) . The load as a function of displacement was recorded for every specimen. For every ceramic type (corresponding to one set of parameters), TRS was measured on five bars before and three bars after thermal shocking. All measurements on the phyllite-tempered fabrics were performed perpendicular to the alignment axis of the inclusions. After breakage, the fracture area was examined visually, and data from bars with clearly identifiable macroscopic flaws in the fracture surface were not included in the determination of the mean. TRS was calculated according to standard methods (BSI 2002).
Results and discussion

Strength reduction upon thermal shocking
When restricting the definition of thermal shock resistance to the variability of strength levels upon thermal shocking, the interpretation of the experimental results is rather straightforward. Figure 4 plots the reduction of fracture strength in bending upon thermal shocking for the various materials tested. It can be seen that the parameters that were varied in the manufacture of the briquettes strongly affect the thermal shock resistance. Firstly, high amounts of temper material increase thermal shock resistance. Secondly, firing temperatures below or close to the onset of vitrification result in ceramics that lose much less strength upon thermal shocking than highly fired ones. Finally, bulky granitic temper results in more thermal shock resistant ceramics than the platy phyllitic one, at least at higher firing temperatures.
These results can be explained by the variation of the toughness (stored elastic energy and energy dissipated during crack propagation) between each type of material studied. In other words, by considering the effect of the extent of pre-existing flaws in the materials, as well as the relative bonding strength of the matrix as reflected in its degree of vitrification. High temper contents have been observed to result in increased porosity, due to restricted shrinkage of the matrix. Further, damaged zones are introduced around temper particles upon firing, due to the different thermal expansion factors of clay and temper (Davidge 1986, 86-7) , and their extent is dependent on the amount of temper (Kilikoglou et al. 1995) . Such flaws and microcracks enable the material to better accommodate tensions arising from the thermal expansion mismatch, and thus lead to the measured increased thermal shock resistance. On the other hand, increased vitrification upon firing reduces a material's ability to absorb thermal stresses, because of the increased instability of fracture in the glassy phase. The pronounced differences between platy phyllitic and bulky granitic temper, which are observed at high firing temperatures and low temper content, can be explained with reference to the differing extent of damaged zones. In this case, it has been shown that the damaged zones around granitic grains are far more pronounced than the ones around phyllitic grains with the same lateral expansion, due to different particle geometry. Even when correcting for the higher number of phyllitic particles per unit volume for the same overall amount of temper material, this results in much Thermal shock resistance of tempered archaeological ceramics more extensive damaged zones for granite-tempered ceramics (Müller et al. 2010) .
Residual strength levels after thermal shocking
As outlined above, when restricting the definition of thermal shock resistance to the variability of strength levels upon thermal shocking, the interpretation of the experimental results is straightforward. However, the interpretation of the experimental results becomes more complex when taking into account the residual strength of the different materials (Fig. 5) , since a greater loss in strength does not necessarily imply that the material is weaker after thermal shocking in absolute terms.
This becomes apparent when juxtaposing the high fired ceramics which contain 10 vol% temper material (Fig. 5, inset) . Although the phyllite-tempered ceramics lose more strength when exposed to thermal shock and -according to our definition above -have a lower thermal shock resistance, their residual strength after thermal shock is still higher than the one of the ceramic bars tempered with granite. In other words, even after losing a significant amount of strength upon thermal shocking, the phyllitetempered material is still more resistant to crack initiation than its granitic counterpart. It could be argued that the particular example, i.e., a high fired ceramic material with a relatively low amount of aplastic inclusions, is not relevant when assessing the usually relatively low fired and highly tempered archaeological cooking ware. However, the same effect, albeit less pronounced, is also observed with the ceramics fired to 8508C which contain 40% temper material. Finally, the highly fired untempered samples also exhibit a higher strength than most of the tempered sherds fired to similar temperatures, even after thermal shocking. The high initial strength results in relatively high residual strength even though these specimens, due to their 
Influence of thermal shocking on fracture mode
In many cases, thermal shocking induced a change in the fracture mode (Table 2) , in some cases increasing the toughness of the material. This trend, i.e., a change to a more stable fracture after exposure to thermal shock, is observed for ceramics fired to low as well as to higher temperatures. The change in fracture mode upon thermal shocking is important, since, when exposed to the same temperature differences, the strength reduction through thermal shocking associated with tough ceramics is less severe than with brittle ceramics. This is due to the different response of the material, as illustrated in Figure 3 .
Summary and conclusions
The results of this experimental study have shown that, in terms of variability of strength levels upon thermal shocking, high amounts of temper material increase thermal shock resistance. Further, low firing temperatures seem beneficial for a ceramic's performance and, at least at higher firing temperatures, bulky granitic temper results in more thermal shock resistant ceramics than the platy phyllitic one. However, as outlined above, the residual strength level and fracture mode and changes therein need to be taken into account when interpreting the results of experimental tests. While this article has focused on the response of a ceramic when exposed to thermal shock, it should be noted that the magnitude of the thermal stresses that arise in a ceramic vessel to start with is equally important. It is suggested that, in order to produce meaningful conclusions on the performance of cooking ware in terms of their response to thermal shock, it is crucial to consider thermal shock resistance in a more integrated fashion than has been the case to date. This should include an assessment of the material's capability to resist those stresses, taking into account the implications of issues discussed in the present article, but also considerations of the origin of thermal stresses. The experimental outcome of the present study, in particular the observation that thermal shocking may actually induce a change in fracture mode, has important implications for such considerations, since brittle ceramics react in a fundamentally different way to thermal shock than those which fracture in a more stable way.
Finally, based on the experimental results and on the conclusions presented above, it appears that, for coarse cooking ware exposed to stresses that would be expected under cooking conditions, thermal shock resistance does not play such an important role as has frequently been assumed. In fact, we could even speculate that, in some cases, limited thermal shocking might be beneficial for a ceramic's subsequent exposure to thermal stresses, as it increases the energy dissipating micro-damage zone around temper particles. These observations call for more caution when accounting for the occurrence of specific temper materials in ceramic cooking ware or for changes in manufacturing practices over time. Rather than simply explaining away preferred tempering practices with stating their alleged benefits for thermal shock resistance, discussions should be more comprehensive and look beyond this particular performance characteristic to include not only other potentially relevant material properties, but, importantly, also the multitude of non-technological factors influencing technological choice.
